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ABSTRACT
LIGHT EXTRACTION ENHANCEMENT OF GAN BASED LEDS USING TOP
GRATINGS, PATTERNED SAPPHIRE SUBSTRATES, AND REFLECTIVE
SURFACES
Gregory James Chavoor
In the last 15 years, an immense amount of research has gone into developing high
efficiency Gallium Nitride based light emitting diodes (LED). These devices have
become increasingly popular in LED displays and solid state lighting. Due to the large
difference in refractive index between GaN and Air, a significant amount of light reflects
at the boundary and does not escape the device. This drawback decreases external
quantum efficiency (EQE) by minimizing light extraction. Scientists and engineers
continue to develop creative solutions to enhance light extraction. Some solutions include
surface roughening, patterned sapphire substrates, and reflective layers.
This study proposes to increase external quantum efficiency and optimize light
extraction efficiency of several LED structures using finite difference time domain
analysis (FDTD). The structures under investigation include GaN based LEDs with
nanoscale top gratings, patterned sapphire substrates in combination with SiO2 nanorod
arrays, and reflective surfaces below and above the sapphire substrate. First, we optimize
GaN based nanoscale top gratings and increase light extraction by 17.8%. Next, we
simulate ITO based top gratings and enhance light extraction by 40%. Third, we optimize
patterned sapphire substrate period and width and the vertical position of a SiO2 nanorod
array. We achieve as high as 51.8% improvement in light extraction. Finally, we increase
light extraction by 160% with the use of a silver reflection layer.
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CHAPTER 1: INTRODUCTION
Gallium Nitride (GaN) based Light Emitting Diodes (LED) continue to prove
themselves increasingly useful in the world of solid state electronics and lighting.
Applications include backlit displays, high end flashlights, household lighting, among
many others. Different branches of society push advancement in LED technology with
various motivations. Companies that fabricate devices desire to sell a useful product, with
good performance and at a maximum profit. On the other hand, a growing awareness of
sustainability drives the demand for low power high brightness household and industrial
lighting. Several countries, including Brazil, Venezuela and Switzerland have either
completely phased out or started to phase out the use of incandescent bulbs due to their
inefficiency.1 A study performed in 2010 by the Office of Energy Efficiency and
Renewable Energy supports that switching to LED lighting over the next twenty years
could reduce electricity consumption in lighting by 25%, save the US 120 billion dollars
in energy costs, and stop 246 million metric tons of carbon emission.2 Such savings are a
result of high luminous efficacy, the amount of lumens produced per watt. Typical
incandescent bulbs have a luminous efficacy of 14 lumens per watt, while LEDs perform
near 100 lumens per watt. Recent laboratory tests by CREE have shown efficacy as high
as 254 lumens per watt.3 This thesis proposes to increase efficacy by improving light
extraction efficiency. To understand the process of improving efficiency, we first explain
some semiconductor basics.
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1.1 Background
Several factors make GaN a good semiconductor for light emitting applications, the
first being its direct band gap property. The Fermi level of a semiconductor lies in
between the conduction band and valence band. When temperature equals 0 Kelvin, no
electrons occupy energy states above the Fermi level, hence no conduction. As
temperature increases, electrons gain energy and jump to the conduction band. Since
electrons want to be in the lowest state possible, they often jump back down to the
valence band and recombine with holes. As the electrons drop to a lower state, they
release energy in the form of light (photons) or heat (phonons). With a direct band gap,
momentum does not change and when the electron drops to a lower energy level it
releases energy as a photon. With an indirect band gap, a change in energy states results
in a change in momentum releasing energy in the form of heat.

Figure 1.1 and Figure 1.2 are simplified energy band diagrams that display an electron
dropping from the conduction band to the valence band emitting either a photon or a
phonon. The vertical direction represents electron energy (E), while the horizontal
direction (K) represents momentum.
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Figure 1.1 Example of a direct band gap emitting a photon.

Figure 1.2 Example of an indirect band gap emitting a phonon.
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The wavelength of light emitted from the junction depends on the energy gap
between the conduction and valence bands shown by equation 1.1. Different applications
require various wavelengths of light.

λ = hc / E g

(1.1)

The second major advantage of GaN comes from the ability to change the energy gap
by mixing in different alloys. For example, adding Indium to GaN and adjusting the
composition of InxGa1-xN varies the band gap from 1.9eV to 3.4eV.4 An energy gap in the
range of 1.9eV to 3.4eV emits light in the spectrum between yellow and blue. By using
different combinations of alloys can range the band gap between 0.7eV to 6eV and cover
the entire visible spectrum.5 The variables “x” and “1-x” in InxGa1-xN represent alloy
percentages. In the above case, when x = 0.25 the compound consists of 25% Indium and
75% GaN. Changing the composition of these compound semiconductors also changes
the refractive index. The new refractive index can be calculated using equation 1.2; the
letter n represents the refractive indices of each material.
n InGaN = n In ∗ ( x) + nGaN * (1 − x)

(1.2)

Conversely, since Indium and Gallium have different lattice constants, increasing the
alloy composition increases the lattice mismatch and decreases crystal quality. Above a
critical thickness, InGaN can lead to strain related cracking and bowing, limiting device
design possibilities. 6
1.2 Disadvantages of GaN and Potential Solutions
Initially, high power GaN based blue LEDs were quite difficult to fabricate due to
their poor crystal quality, inability to receive p-type doping, and highly resistive p-type
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layers. In the mid 1990’s Shuji Nakamura overcame many of these obstacles and
produced the first high power, high luminance GaN based blue LED.7,8 Nakamura
implemented two techniques to improve crystal quality, reduce resistivity, and dope GaN
with acceptors. The first technique, called Two Flow Metal Organic Chemical Vapor
Deposition (TFMOCVD), improved the lateral growth of crystals by pumping in gas
perpendicular and parallel to the substrate (Figure 1.3).9,10

Figure 1.3 Two flow MOCVD diagram.

Second, he developed a process that prevents the p-type semiconductor from becoming
intrinsic. This process consisted of annealing the substrate in a hydrogen free
environment at high temperatures, releasing p-type impurities bound with hydrogen
atoms such as Mg-H and Zn-H.
Today researchers continue to develop creative solutions that increase LED internal
quantum efficiency (IQE), the percentage of diode current that produces radiative
recombination, and external quantum efficiency (EQE), the ratio of photons that make it
into free space to generated photons.11 Multiple quantum wells used in LEDs and LDs
-5-

illustrate a technique that improves internal quantum efficiency. Trapping electrons in the
well structure improves the recombination efficiency and emits more photons.12 External
quantum efficiency has three main loss mechanisms: Fresnel loss, photon absorption, and
critical angle. Fresnel losses occur due to reflections at dielectric boundary layers. At
each interface the incident wave either transmits to the other side or reflects back to be
reabsorbed into the semiconductor. Photon absorption occurs most readily in the MQW
region since the photon wavelength matches the band gap energy. Absorption introduces
two major problems: (1) it reduces EQE and (2) it heats the device via lattice vibrations.
Heat changes the device’s forward voltage, reduces lifetime, and negatively impacts
overall efficiency. Finally, the critical angle determines the angle above which light
totally internally reflects between two materials. A large difference in the refractive index
of air and GaN results in a low critical angle and a significant amount of trapped light.
Figure 1.4 shows an interface between GaN and Air. The red beam represents light
leaving the device. Any light approaching at an angle greater than the critical angle (θc)
reflects back into the GaN medium. The critical angle of a device is calculated using
Equation 1.3 below where n1 and n2 represent the refractive index of the two interface
materials.

 n2
 n1

θ c = sin −1 





1.3

n1 > n2
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Figure 1.4 Total internal reflection at a GaN/Air interface. θc
represents the critical angle and θe represents the emission angle.

Fabrication techniques such as periodic top gratings13, patterned sapphire substrates14,
and reflection layers15 reduce total internal reflection and improve external quantum
efficiency via light extraction enhancement. This study proposes to optimize light
extraction efficiency of the above mention LED structures using finite difference time
domain analysis (FDTD). Computer simulations give the advantage of analyzing several
hundred LED structures in a relatively short time period. This process avoids fabrication
time, reduces cost and produces a highly optimized device. The following chapters
provide background information on the techniques used and discuss the simulation results.
Chapter 2 provides details on the software used. Chapter 3 analyzes how grating period,
height, and fill factor affect light extraction. Chapter 4 examines and compares the
differences between using an ITO based grating and GaN based grating. Chapter 5
investigates the use of a patterned sapphire substrate and SiO2 nanorod arrays. Chapter 6
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explores Ag-based reflection layers and Chapter 7 summarizes the findings and discusses
future work.
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CHAPTER 2: RSOFT FULLWAVE ANALYSIS

Methods such as Rigorously Coupled Wave Analysis (RCWA), ray tracing, and the
Finite Difference Time Domain (FDTD) solution to Maxwell’s curl equations exist to
simulate light extraction. All simulations in this thesis are performed using Rsoft’s
FullWAVE software. This module employs FDTD analysis and requires the user to
discretize time and space by splitting the physical domain into a grid. Within each grid
location, the software calculates the electric field followed by the magnetic field in a
“leapfrog” like fashion until reaching steady state. The following sections provide basic
information on the software and its use. For a more in depth explanation of the FDTD
method and its solution to Maxwell’s curl equations, refer to Appendix A.
2.1 Defining Materials and Grid Size

Properly simulating a device in FULLWave requires material information and grid
size parameters. The material properties are set differently for linearly dispersive
materials and nonlinearly dispersive materials. Material dispersion describes how wave
velocity varies with wavelength.16 For linearly dispersive materials, the parameters are
set by entering the refractive index in segment properties. Non-linearly dispersive
materials must be defined in the material editor, which uses the sum of Lorentzian
functions to describe permittivity as a function of wavelength shown by Equation 2.1.

ε (ω ) = ε ∞ + ∑
k

∆ε k
a k (iω ) − bk (iω ) + c k

(2.1)

2

3D models require mesh size definition in the x, y, and z directions. Since 3-D
simulations demands significant time and memory, we perform all simulations in 2-D and
only define the ∆x grid and ∆z grid. The grid size must be small enough to resolve the
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smallest features of the simulation, often the wavelength of light. Structures that contain
periodic gratings in the nanometer range sometimes require spatial dimensions smaller
than the wavelength. The grid size should be at least smaller than one tenth the
wavelength of light in the material or the smallest dimension in the simulation profile.
Since FDTD also descretizes the time domain the user must provide a time step ∆t. The
time step is also limited by the dimensions of the grid as described by the Courant
condition in Equation 2.2 where c represents the speed of light, ∆t is the time step, and ∆x,
∆y, and ∆z are the spatial dimensions of the grid. According to this equation, as the
spatial dimensions decrease, the time step must decrease.
c∆t <

1

(2.2)

1
1
1
+ 2 + 2
2
∆x
∆y
∆z

The FullWAVE simulation software automatically enforces the Courant condition by
displaying the Stability Limit in the Time Grid. This shows the minimum required time
step based on other simulation parameters. The user is strongly encouraged to refine both
the grid size and time step to optimize the simulation.
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2.2 Simulation Domain

Figure 2.1 FullWAVE simulation domain.

Figure 2.1 illustrates an example of a FullWAVE simulation domain containing a
Perfectly Matched Layer (PML), FDTD Launch, Time Monitor, and the LED Structure
being simulated. The simulation domain is the area enclosed by the Perfectly Matched
Layer (PML) shown in purple. The PML, allows waves to exit the simulation domain
without producing unwanted reflections. Clicking the traffic light shaped button shown in
Figure B.1 brings up the FullWAVE Simulation Parameters menu shown in Figure 2.2. In
this menu, the user defines grid size, time step, PML width and all other FDTD
parameters.
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Figure 2.2 FullWAVE simulation parameters menu.

The time monitor displayed in green measures electric field, magnetic field, and
power and produces either a temporal or spatial output. The following simulations use the
time monitor to measure average power as a function of time. The output file, stored in
the .TMN format, saves the square root of the average power along with its
corresponding time component. The file can be opened with programs such as Microsoft
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Excel or KGraph. Typically one time monitor is used to measure light extracted from the
top of the LED; however, the use of multiple time monitors on the sides and bottom of an
LED provides more information and a clearer picture of the light extraction process.
Since time did not permit the use of multiple time monitors in the following simulations,
this topic is further discussed in the future work section.
Finally, the FDTD Launch located in the MQW region is the excitation source. The
software allows both field and current sources. In all simulations we use a field source
which can be thought of as an incident beam radiating from a specified plane. The
wavelength of light is chosen in the Launch Parameters and in the Global Settings. In
both cases we use a wavelength of 460nm. This wavelength corresponds to blue, an
important color used to fabricate white LEDs. The Launch Parameters also allow the user
to choose the type of light emitted. To stay consistent with previous studies and
simulations, we use slab mode as the launch type. For more information on how to use
FullWAVE’s CAD environment refer to Appendix B.
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CHAPTER 3: NANOSCALE TOP TRANSMISSION GRATING

We begin our simulations by analyzing a thin film GaN based LED with a nanoscale
top transmission grating, also described as a photonic crystal grating (PhC). The large
difference in refractive index between GaN and air reduces device efficiency by total
internal reflection.17 Photonic crystal (PhC) gratings provide more angles for light to
escape the LED and thus improve extraction efficiency. Different patterns and shapes of
photonic crystal gratings can be formed by chemical wet etching, dry etching, and
focused ion beam milling (FIBM).18 Two specific methods include: electron-beam
lithography and nano-imprint lithography.19 Previous studies using simulations20,21,22 and
experimental data23 show that the period, shape, and height of the grating all affect light
extraction efficiency. In this first set of simulations we adjust all three of these
parameters and observe light extraction enhancement.
3.1 Simulation model

Figure 3.1 displays an example of the thin-film LED simulated. The structure consists of
a 200nm n-GaN 2PhC grating ,400nm n-GaN substrate, 50nm MQW, and 200nm p-GaN
substrate.
Figure 3.1 includes three essential FDTD simulation components: the FDTD launch, time
monitor, and perfectly matched layer (PML). The launch serves as a source of light
within the simulation, therefore we place it in the center of the multiple quantum wells
(MQW) where most electron hole recombination occurs. We choose the light source to be
constant wave (CW) at 460nm, assuming that the LED emits blue light. The light travels
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through the device until it reaches the time monitor. The time monitor takes a time
average of power throughout the simulation and stores it in a separate data file. The PML
surrounds the simulation window and allows waves to exit without producing any
unwanted reflections. Generally, the PML should be ten or more grid points thick in each
direction (x,y,z), or in this case (x,y).

Figure 3.1 Thin film LED simulation model.

Table 3-1 lists the refractive index and thickness of the materials used in this
simulation. We focus on optimizing three design parameters: grating height (d), grating
period (A), and fill factor (FF). Grating period is the distance between the centers of each
grating cell. The fill factor (FF) represents the percentage of GaN within one period.
Figure 3.2 shows a closeup of the grating structure with FF=75%. In one period 75% of
the grating is filled with GaN and 25% is filled by air. We use a refractive index of 2.5
for all n and p type GaN substrates except the InGaN/GaN MQW which has an index of
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refraction equal to 2.6 It is also important to notice that each material has a constant
thickness except the 2PhC grating structure which varies from 50 to 200nm in steps of
50nm.
Table 3-1 List of LED materials and their respective refractive
index and thickness.

Material

Refractive Index

Thickness (nm)

Air

1

N/A

n-GaN 2PhC
Grating

2.5

50-200

n-GaN

2.5

400

InGaN/GaN
MQW

2.6

50

p-GaN

2.5

200

Figure 3.2 Close up of the nano-scale grating with fill
factor = 75%.

3.2 Simulation Results
3.2.1 Cylindrical and conical gratings

In order to optimize light extraction, we compare average power data from three basic
models: the first has no grating, the second has a cylindrical shaped grating, and the third
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has a conical shaped grating. Since we simulated in 2-D, the cylindrical grating appears
rectangular and the conical grating appears triangular. The first case, with no grating,
serves as a base value to compare with other results. Any improvements in light
extraction are weighed against the results from this model. Since the grating period (A)
and fill factor (FF) cannot be changed for this model, we change the height (d) from 50 to
200nm in steps of 50nm. The total n-GaN substrate height changes from 600nm to
450nm.
Next, for the cylindrical and conical models, we set the fill factor to 50% and sweep
the grating period from 100nm to 1000nm in steps of 100nm. The grating height
increases from 50nm to 200nm in steps of 50nm for each period. The results for the
cylindrical model (Figure 3.3) show that light extraction improves only for a grating
period of A = 100nm. Unexpectedly, in all other cases the grating reduces light extraction
compared to the non-grating model. In the case of the cylindrical model, maximum
average power occurs when the grating period A = 100nm and grating height d = 50nm.
In this case, light extraction increases by 10.8% compared to the non-grating model with
d = 200nm. The general trend shows that as grating period increases, light extraction
decreases. Light extraction begins to improve above A = 400nm, although it still
performs below the non-grating model. The trend for grating height effects is not as well
defined as the grating period. In some cases, such as A = 300nm, a larger grating height
improves efficiency and in other cases, such as A = 100nm, the smallest grating height
improves efficiency. However, for grating periods A > 300nm an increase in grating
height generally decreases average power.
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1.2
A = 400nm
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1
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1

1.2
A = 100nm
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Grating Height (nm)

Figure 3.3 Average power plotted versus grating height for
cylindrical grating.

The results for the conical grating model (Figure 3.4), show that light extraction
improves for grating period A = 100nm and in some cases A = 200nm. All other grating
periods result in decreased light extraction relative to the non-grating model. Unlike the
cylindrical model, maximum average power occurs when A = 100nm and d = 100nm. In
this case light extraction increases by 16.8% relative to the non-grating model with height
d = 200nm. Relative to the cylindrical model maximum, the conical model increases light
extraction by 5.4%. The general trend shows similarities to the cylindrical model. An
increase in grating period results in a decrease in light extraction. When A > 400nm light
extraction begins to improve, but never reaches non-grating performance. For cases
where A > 300nm, an increase in grating height seems to decrease overall performance.
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Figure 3.4 Average power plotted versus grating height for
conical grating.

3.2.2 Changing the fill factor

The final simulations set the grating period to 100nm and alter both the grating height
and fill factor. We maintain a grating period of 100nm because the most improvement in
both devices occurs at this period as seen in Figure 3.3 and Figure 3.4. We alter the
grating height from 50nm to 200nm in steps of 50nm and change the fill factor to the
following five values: 25%, 33%, 50%, 66%, and 75%. The results for the cylindrical
grating in Figure 3.5 show a 17.8% increase in light extraction for grating height d =
200nm and FF = 33% compared to the non-grating case when d = 200nm. It also shows a
6.3% increase compared to the previous cylindrical maximum value. The results for the
conical grating in Figure 3.5 show a 17.8% increase in average power for grating height d
= 200nm and FF = 66% relative to the non-grating case where d = 200nm. In general,
increasing and decreasing the fill factor from 50% results in either an increase in light
extraction or decrease depending on the grating height and shape.
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Figure 3.5 (a) Cylindrical grating average power for several fill
factors; (b) conical grating average power for several fill factors.

Table 3-2 serves to clarify and summarize the results of this study. It lists the grating
type, grating period (A), grating height (d), fill factor (FF), average power, and the
increase in light extraction relative to the non-grating case where d = 200nm. The
average power column illustrates that different non-grating cases have different light
extraction efficiencies; we used the d = 200nm case to compare all other data against. The
table also highlights the two structures with the highest light extraction by using boldface
font.
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Table 3-2 Summary of maximum light extraction data.

Grating
Type
Cylindrical

Conical

NonGrating

A (nm)
100
100

d (nm)
50
200

FF (%)
50
33

Average
Power
(a.u.)
0.929
0.988

Relative
Increase
(%)
10.8
17.8

100
100

100
200

50
66

0.979
0.988

16.8
17.8

n/a
n/a
n/a
n/a

50
100
150
200

n/a
n/a
n/a
n/a

0.78913
0.83955
0.78778
0.83856

0
0
0
0

3.3 Conclusion

FDTD analysis shows that a nano-structure top grating does improve light extraction
efficiency only for small grating period. Most grating periods larger than 100nm resulted
in lower efficiency. In the case where fill factor is set to 50%, the conical grating showed
a 16.7% increase in average power compared to the non-grating model and a 5.4%
compared to the cylindrical model. Changing the fill factor showed that, in general the
conical model outperforms the cylindrical model. However, the clyindrical and conical
models obtain the same maximum average power. The cylindrical model’s maximum
average power occurred for A = 100nm, d = 200nm, and FF = 33%. The conical model’s
maximum average power occurred for A = 100nm, d = 200nm, and FF = 66%. These
results provide an outline to design thin film GaN based LED’s with a nano-structure
grating.
Although interesting, these results do not match the simulations and experimental
data shown by Kyungpook National University and Peking University. Kyungpook
National University also employed a 2-D FDTD model to observe transmission
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efficiency as a function of grating period and grating depth. They varied the grating
period from 0.5λ to 2.5λ and the grating height from 0.5λ to 3λ. Their results show that
changing the grating period has little to no effect in transmission efficiency, while
increasing the grating height improves transmission efficiency.24 Peking University
fabricated GaN based LEDs with 2PhC arrays. The lattice constant, or grating period,
varies from 230nm to 1500nm (0.5λ to 3.2λ). Using both a microscopic
electroluminescence system and RCWA simulations they show that maximum light
extraction occurs for grating periods 230nm and 460nm.25 All three studies show
conflicting results. Our study claims maximum light extraction with a grating period of
100nm, Peking University claims maximum extraction with a period of 460nm, and
Kyungpook University claims that grating periods on a wavelength scale do not affect
light extraction. In the following chapter we resimulate this structure and compare it with
an Indium Tin Oxide (ITO) based top grating LED.
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CHAPTER 4: NANOSCALE ITO TOP GRATING

Today’s advanced technology allows engineers to fabricate LEDs with various
heights, widths, shapes, and materials. Materials affect LED forward voltage, emitted
wavelength, and light extraction efficiency. Total internal reflection, previously discussed
in Chapter 1, prevents light from escaping the LED. The ratio of refractive indices at the
boundary, determine the critical angle, or minimum angle at which light completely
reflects. A large difference in refractive indices results in a small critical angle and more
reflected light. A small difference in refractive indices results in a large critical angle, less
light reflected back and more light transmitted into the following medium. Changing the
material of the top grating from GaN to ITO increases the critical angle from 23.5
degrees to 28.4 degrees. Additionally, surrounding the chip with an epoxy dome further
increases the critical angle to 47.9 degrees. For these reasons, this chapter analyzes light
extraction enhancement of an ITO to epoxy interface. Section 4.1 illustrates and describes
the simulation model and discusses results and limitations of the RCWA simulations
provided by the Peking University Physics Department. Section 4.2 uses FDTD analysis
to compare light extraction efficiency for ITO and GaN gratings, optimize ITO grating
period, and investigate the effects of an Ag reflection layer. Section 4.3 concludes this
chapter by summarizing the results.
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4.1 Simulation Model

Figure 4.1 LED simulation model with ITO based grating.
Table 4-1 LED material thickness and refractive index.

Material
p-GaN
InGaN/GaN
MQWs
n-GaN
GaN
Sapphire
ITO
Epoxy
Ag

Thickness
(µm)
0.2

Refractive
Index
2.5

0.1
2.6
2
2.5
3
2.5
80
1.78
0.23
2.1
>10000
1.56
Reflection: 90%

The LED model shown in Figure 4.1 consists of an ITO top grating, p-GaN layer,
InGaN/GaN MQW, n-GaN layer, sapphire substrate, and an Ag reflection layer. Table
4-1 includes the material thickness and refractive index of each layer. As part of a
collaborative effort, students at Peking University used Rigorously Coupled Wave
Analysis (RCWA) to analyze perpendicular light transmitted as a function of filling
factor, grating depth, and grating period. Figure 4.2 shows light transmission as a
function of both grating depth and filling factor. The dark orange spots represent high
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transmission, while the blue and green areas represent lower transmission levels. The
results reveal an optimal grating depth of 100nm and fill factor of 0.5. Similarly, Figure
4.3 graphs transmission as a function of fill factor and grating period. From this graph we
obtain an optimal grating period of 1130nm with a fill factor of 0.5. To validate Peking
University’s results, we simulate the same structure using FDTD analysis.

Figure 4.2 Peking University RCWA simulation results.
Transmission at normal direction as a function of grating depth
and filling factor.
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Figure 4.3 Peking University RCWA simulation results.
Transmission as a function of filling factor and grating period.

4.2 FDTD Analysis
4.2.1 ITO and GaN top grating

First, we compare the difference between ITO and GaN top gratings emitting into
either free space or epoxy resin to validate that increasing the critical angle also increases
the amount of light extracted. Table 4-2 lists the critical angle for different combinations
of grating material and surround medium. As explained earlier, a larger critical angle
improves extraction efficiency by allowing more light to escape the LED. Hence, the
combination of ITO and Epoxy should extract the most light. Each simulation model is
based on the description in Table 4-1 and Figure 4.1. In order to reduce simulation time
and complexity, we use a sapphire substrate thickness of 10µm instead of 80µm and we
do not include the Ag reflection layer. The simulation results (Figure 4.4) show that
larger critical angles increase light extraction. Compared to the GaN to Air case, ITO to
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Air enhances light extraction by 11%, GaN to Epoxy by 36%, and ITO to Epoxy by 40%
showing that critical angle does play a significant role in light extraction efficiency.
Table 4-2 Critical angle based on surrounding medium and
grating material.

Surrounding
Grating Medium
ITO
Air
ITO
Epoxy
GaN
Air
GaN
Epoxy

Critical
Angle
28.4
48.0
23.5
38.6

% Improvement
compared to GaN to Air
11
40
0
36

50

Average Power (a.u.)

40

30

20
GaN to Air
GaN to Epoxy
ITO to Air
ITO to Epoxy

10

0

0

50

100

150

200

250

300

Time (um)
Figure 4.4 Light extraction of GaN to air, GaN to Epoxy, ITO to
air, and ITO to Epoxy.
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4.2.2 Optimizing grating period

Next, we run simulations to find the optimal ITO grating period with and without the
Ag reflection layer. With an epoxy background material increase the period incrementally
from 100-1500nm. Figure 4.5 shows average power of light extracted versus grating
period. Similar to Peking University’s RCWA results, low light transmission occurs in
the 100 – 690nm range and high transmission occurs for larger grating periods in the
690 – 1500nm range. Unlike the RCWA analysis, these results also show that using an
Ag reflection layer increases overall light transmission. Other research also supports that
using a reflection layer increases light extraction by up to 73%.26 According to .

Table 4-3 the reflection layer increases light extraction for every case except when the
grating period equals 100nm. The table also shows that light extraction continues to
increase as grating period increases.
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Figure 4.5 Average power vs. grating period for an LED with
and without a silver reflection layer. The grating is ITO and the
background is epoxy.
Table 4-3 Increased light extraction for LEDs with and without
an Ag reflection layer.

Grating Period
(nm)
100
230
460
690
920
1130
1500

Average Power
without Ag (a.u.)
40.703
36.243
37.13
38.577
37.997
38.514
38.712

Average Power
with Ag (a.u.)
39.043
37.358
45.721
45.118
45.711
45.78
46.269

%
Increase
-4.08
3.08
23.14
16.96
20.30
18.87
19.52

4.2.3 ITO top grating with Ag reflection layer

Finally, we analyze in more detail the effects of the Ag reflection layer by simulating
four structures: (1) a conventional LED with no silver and no grating, (2) a conventional
LED with silver at the bottom of the sapphire substrate, (3) an LED with an ITO grating
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period = 1130nm, and (4) an LED with ITO grating period = 1130nm and silver on the
bottom layer. Each structure is simulated with a sapphire thickness of 10µm and 80µm to
observe the light enhancing effects of sapphire thickness. Figure 4.6 and Table 4-4 show
that for a sapphire substrate thickness of 10µm, the LEDs with the Ag reflection layer
extract 18% more light compared to an LED without the reflection layer. Conversely,
Figure 4.7 shows that with an 80µm sapphire substrate thickness, the silver reflection
layer decreases light extraction by 26%.

Average Power (a.u)
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Conventional with Ag
Grating Period = 1130nm
Grating with Ag Period = 1130nm
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0
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Time (a.u.)
Figure 4.6 Average power extracted plotted against time when
sapphire substrate equals 10µm.
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300

Table 4-4 Average power extracted for four different structures
when sapphire substrate is 10µm.

LED Structure

Average Power
without Ag(a.u.)
38.60
38.63

Conventional
ITO Grating

Average Power with
Ag (a.u.)
43.25
45.78

Percent Increase
(%)
12.04
18.51

50
Conventional
Conventional with Ag
Grating Period = 1130nm
Grating with Ag Period = 1130nm

Average Power (a.u)

45
40
35
30
25
20

0

500

1000

1500

2000

Time (a.u)
Figure 4.7 Average power extracted plotted against time when
sapphire substrate thickness is 80µm.

Table 4-5 Average power extracted for four different structures
when sapphire substrate is 80µm.

LED
Structure
Conventional
ITO Grating

Average Power
without Ag(a.u.)
39.07
38.74

Average Power
with Ag (a.u.)
29.37
30.11

Percent Increase
(%)
-24.83
-22.28

The simulations with different sapphire substrate thickness gave drastically different
results. To further investigate these differences, we simulated all four structures and
varied the sapphire substrate thickness from 10µm to 80µm in steps of 10µm. The plot of
average power versus sapphire substrate thickness in Figure 4.8 shows that the average
power extracted increases and decreases periodically as a function of substrate thickness
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only for LEDs with the reflection grating. The increase and decrease in average power
could be a result of standing waves forming in the LED or light exiting the LED from the
sides instead of the top. No papers have been found that claim similar findings.
60
Conventional
Conventional with Ag
Grating with Ag Period = 1130nm
Grating Period = 1130nm

Average Power (a.u.)

55
50
45
40
35
30
25

10

20

30

40

50

60

70

80

Sapphire Thickness (um)
Figure 4.8 Average power vs. sapphire thickness for four
different structures: (1) conventional, (2) conventional with Ag
reflection layer, (3) ITO grating, and (4) ITO grating with Ag
reflection layer.

4.3 Conclusion

This chapter successfully shows that increasing the critical angle and implementing
an Ag reflection layer improves overall light extraction efficiency. First, increasing the
critical angle from 23.5 to 47.9 degrees using an ITO top grating and an Epoxy dome
improved light extraction by 40%. Next, in agreement with Peking University’s RCWA
simulations, increasing the ITO grating period increases light extraction. Finally, we
show that light extraction for structures containing Ag reflection layers is highly
dependent on sapphire substrate thickness. We investigate this trend further in Chapter 6
of this report.
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CHAPTER 5: PATTERNED SAPPHIRE SUBSTRATE AND SIO2 ARRAY

Chapter 3 and Chapter 4 discuss using nanoscale top gratings to enhance external
quantum efficiencies. This chapter examines strategies that affect both internal and
external quantum efficiencies. GaN LEDs grown on sapphire substrates suffer from
threading dislocation defects due to the crystal lattice and thermal expansion mismatch
between GaN and sapphire usually on the order of 109-1011 cm-2.27 Comparatively, GaAs
exhibits 102-104 dislocations cm-2 and homoepitaxial Silicon has practically no
dislocations. Threading dislocations greatly reduce optical performance and LED lifetime.
The method of epitaxial lateral overgrowth drastically reduces threading dislocations to
the order ~107 cm-2. This approach masks off the highly dislocated GaN region, stops
GaN growth, and restarts growth on selective layers forcing it to grow laterally in a purer
crystal form. Epitaxial lateral overgrowth can be implemented using patterned sapphire
substrates (PSS) and SiO2 nanorod arrays. Both PSS and SiO2 arrays are fabricated using
nanoimprint lithography in a four step process as follows:28
(1) Deposit the SiO2 or Sapphire and spin coat a 200nm polymer layer.
(2) Place a patterned mold onto the polymer film and applying high pressure until
heating the polymer above the glass transition temperature.
(3) Allow the sample to cool to room temperature.
(4) Use reactive ion etching (RIE) with BCL3, CF4, and O2. BCL3 transfers the
pattern onto the sapphire, CF4 transfers the pattern onto GaN and O2 removes the
polymer mask.
These two structures improve both internal and external quantum efficiencies.
Internal quantum efficiencies are improved by suppressing threading dislocations. SiO2
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arrays decrease dislocation density in four ways shown in Figure 5.1. First, voids between
nanorods bend dislocations and eventually develop into stacking faults. Second, stacking
faults block growth of dislocations. Third, the formation of voids in the case of slow GaN
growth rates stops dislocation growth. Finally, residual SiO2 inhibits GaN growth and
reduces dislocation formation.29 Similar to top gratings, the periodicity and shape of
patterned sapphire substrates and SiO2 arrays enhances light extraction by scattering light.
This chapter focuses on optimizing the light scattering properties of an LED structure
with a PSS and SiO2 nanorod array. Again, the FDTD method is used to simulate light
extraction enhancement.

Figure 5.1 Example of stacking faults blocking threading
dislocations adapted from National Chiao-Tung University et
al.29

5.1 Simulation Model

Previous studies show that in comparison with a conventional LED structure, a PSS
alone improves light output power by 35% and a PSS in combination with a SiO2
photonic quasi-crystal (PQC) improves light output power by 48%.28 The four structures
we simulate include: (1) a conventional LED, (2) an LED with only a PSS, (3) an LED
with only a SiO2 nanorod array, and (4) an LED with both a PSS and SiO2 nanorod array.
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Although a SiO2 PQC and nanorod array have the same function and purpose, they do not
take on the same shape. A PQC exhibits long range order and short range disorder30
which cannot be simulated in two dimensions. For this reason we model the array as a
simple 2PhC grating in two dimensions. Table 5-1 below provides a description of the
conventional LED including material type, thickness, and refractive index. Table 5-2
shows the simulation parameters used in the FDTD analysis. In this section of the chapter
we first attempt to match the results of the study that achieved 35% and 48%
improvements in output power. Next, we optimize patterned sapphire substrate width and
period. Finally we optimize the SiO2 array by changing its position in the z-direction.
Figure 5.2 and Figure 5.3 are both diagrams of the LED simulated. Figure 5.2 provides
labels for each layer of the LED described in Table 5-1. Figure 5.3 helps define important
parameters of the LED such as PSS period (d), width (w), and the z position of the SiO2
array.
Table 5-1 Conventional GaN LED Parameters

Material
p-GaN
P-AlGaN
InGaN/GaN
n-GaN
GaN
Sapphire

Thickness
(µm)
0.12
0.05
0.115
2
3
4

Refractive
Index
2.55
2.5
2.6
2.55
2.55
1.77

Table 5-2 Simulation setup parameters

∆x (µm)

∆z (µm)

0.03

0.03

Time Step
(µm)
0.02
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PML (µm)
0.5

Figure 5.2 Labeled diagram of LED with PSS and SiO2 array.

Figure 5.3 Diagram of LED with PSS and SiO2 array. The
diagram defines the PSS period (d), width (w), and shows the x
and z direction of the LED.

5.2 Matching Previous Studies

Previous light extraction measurements show that a PSS alone improves light output
power by 35% and the combination of PSS and SiO2 array improves light output power
by 48%.28 To confirm these results we use the FDTD method to simulate light extraction
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plotted against time for a conventional LED, an LED with a PSS, an LED with a SiO2
nanorod array, and an LED with both PSS and SiO2 array. The PSS period d = 3µm and
width w = 2.5µm. The SiO2 nanorod width a = 400nm, period p = 750nm, depth s =
200nm and is centered at z = 7.8µm. Figure 5.3 illustrates these dimensions. The results
displayed in Figure 5.4, show a 15% improvement for the PSS structure and a 26%
improvement for the PSS & SiO2 array structure with the SiO2 centered at z = 7.8µm. The
results do not perfectly match those of the previous study but they do show similar trends.
For example, both PSS and SiO2 nanorod structures enhance light extraction and the
structure with both PSS and SiO2 nanorod array increases light extraction more than the
simulation only containing the PSS. A summary of the results including percent
improvement compared to the conventional LED are listed below in .

Table 5-3.
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Figure 5.4 Average power of light extracted in four structures:
conventional LED, patterned sapphire substrate, SiO2 nanorod,
and patterned sapphire substrate with SiO2 nanorod PSS width w
= 2.5µm and period d = 3µm. SiO2 layer is centered at z = 7.8
µm.
Table 5-3 Light extraction improvement compared to the
conventional LED.

Structure
Conventional
PSS (only)
NR (only)
PSS & NR

Average
Power
(a.u.)
32.239
37.159
41.938
40.769

Percent
Improvement
0%
15%
30%
26%

5.3 Patterned Sapphire Substrate Optimization

Next, we optimize the patterned sapphire substrate by changing the period (d) from
2µm to 3µm in steps of 0.5µm and width (w) from 1 to 2.5µm in steps of 0.1µm. Figure
5.5 shows that the maximum average power occurs when w = 1.3µm and d = 2µm. A

disadvantage of choosing this point is that a small change in PSS width results in a large
change in average power. This leaves little room for error in the device fabrication
process. A more stable point would be where w = 2.5µm and d = 3µm. .

Table 5-4 summarizes the simulations performed and includes the light extraction percent
improvement compared to the conventional LED. The structure only containing a PSS (w
= 1.3µm and d = 2µm) improves light extraction by 47.9%. This is the largest
improvement observed compared to the conventional LED thus far.

- 38 -

Average Power (a.u.)

50

40

30

20

Period = 3um
Period = 2.5um
Period = 2um
Conventional LED

10

0

1

1.5

2

2.5

PSS Width (um)
Figure 5.5 Average power as a function of patterned sapphire
substrate (PSS) width and PSS period.
Table 5-4 Light extraction improvement by changing PSS width
(w) and period (d).

Max Average
Percent
Structure
Power (a.u.) Improvement
Conventional
32.24
0%
d = 2µm
w = 1.3µm
47.68
47.9%
d = 2.5µm
w = 1.3µm
40.93
26.9%
d = 3µm
w =1.2µm
41.65
29.2%
5.4 Optimizing SiO2 Array

Next, we optimize the position of SiO2 array by moving it up and down in the z
direction between 7µm and 8µm. Implementing this method, we optimized three separate
structures: (1) an LED with a SiO2 array and no PSS, (2) an LED with both SiO2 and PSS
(d = 3um and w = 2.5um), and (3) an LED with both SiO2 and PSS (d = 2um and
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w = 1.3um). Figure 5.6 shows the average power as a function of SiO2 position for each
of these structures.
Table 5-5 highlights the effect of changing PQC position, and shows that light extraction
improves by 51.8% for the second structure when z = 7.1um, d = 3um, and w = 2.5um.

Average Power (a.u.)
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25
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PSS d = 3 & NR
PSS d = 2 & NR
7

7.2

7.4

7.6

7.8

8

NR Position (um)
Figure 5.6 Average power as a function of nanorod array
position. In the case with a PSS, d = 3um, w = 2.5um, and d =
2um and w = 1.3um.
Table 5-5 Light extraction improvement by changing SiO2 array
position.

Structure
Conventional
NR only
z = 7.7µm
PSS d = 3µm &
NR z = 7.1µm
PSS d = 2µm &
NR z = 7.1µm

Max Average
Power (a.u.)
32.24

Percent
Improvement
0%

41.93

30%

48.93

51.8%

46.23

43.4%

- 40 -

5.5 Conclusion

In this chapter we adjust patterned sapphire substrate width and period and SiO2
z-position to optimize light extraction. First, we confirm the results from a previous study.
The simulation results in Figure 5.4 do not perfectly match the results of Huang et al. for
two possible reasons. First, they measured the light extraction of a physical device while
we simulated the light extraction of that device. Their measurement took into account all
three dimensions of the device. The above simulation was performed in 2-D. Second,
their SiO2 nanorod array takes the shape of a photonic quasi crystal (PQC). A 2-D
simulation cannot represent the complexities of a PQC. Instead we use a simple 2PhC
structure for the SiO2 array. Second, setting the period and width to 2µm and 1.3µm
respectively increases light extraction by 47.9%. Finally, optimizing the z-position of the
SiO2 nanorod array to 7.1µm increases light extraction by 51.8%. In the next chapter we
investigate the same structures with the use of an Ag reflection layer.
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CHAPTER 6: PSS, SIO2 ARRAY AND AG REFLECTION LAYER

After optimizing the LED via changing PSS width and period and SiO2 nanorod
position, we improve upon the structure by including an Ag reflection layer. Typically
GaN based LEDs use light absorbing bonding pads such as Ti/Au and Cr/Au metals.
These pads cover up to 10% of wafer surface area, absorb significant amounts of light
and reduce output efficiency. Alternatively Ag based electrodes improve light extraction
by reflecting a maximum of 95% light at the blue wavelength.31 Ag reflection layers are
becoming increasingly popular for GaN-based vertical LEDs. Experiments show Agbased mirrors increasing light output by up to 17%.32 Pure Ag is not a fitting p-ohmic
contact due to its low work function and poor adhesion properties. Recent studies show
that Ag sandwiched between Ni cladding layers improves adhesion to p-GaN and remains
highly reflective (93%).32 Other studies also show the feasibility of using Ag as an
ohmic-contact with n-GaN33 and sapphire substrates.26 A group in Taiwan shows that
using an Ag/Cr/Au n-type electrode in combination with a PSS improves light output by
40% compared to a conventional LED.34 In this chapter, we use Ag as a reflection layer
between the sapphire substrate and n-GaN layer as well as a reflection layer below the
sapphire substrate. First we discuss how to properly use Ag in the FullWAVE software.
Second, we describe the simulation model and examine problems encountered in the
process of simulating. Third, we analyze the effect of using Ag as a reflector above and
below the sapphire substrate. Finally, we optimize the height of the sapphire substrate
and consider the effects on light extraction.
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6.1 Using AG in FullWAVE

Unlike GaN, Sapphire, and SiO2, the refractive index and permittivity of Silver
changes as a function of frequency. Rsoft’s FullWAVE software provides a material
editor to define the linear or non-linear permittivity and permeability of different
materials. The editor utilizes either a linear or nonlinear sum of multiple resonance terms
shown in equation 6.1. The Debye, Lorentzian, and Drude models can all be used to
define permittivity and permeability. An example of the Lorentzian equation is shown
below in equation 6.2. To properly define the material, the user must provide ak, bk, and
ck values.

ε (ω ) = ε ∞ + ∑ ε k (ω )

(6.1)

k

ε k (ω ) =

∆ε k
− a k − bk (iω ) + c k

(6.2)

To utilize this feature, right click on the desired material. In the properties box, click on
the “Materials…” button to open the Material Editor. Click “New Material” to create and
define the coefficients ak, bk, and ck. Finally, when using a linear or nonlinearly
dispersive material check the Dispersion/Nonlinearity box in the FullWAVE Simulation
Parameters window. Checking this box enables the use of such materials. Figure 6.1
provides a screen shot of the material editor along with the dispersion coefficient values
that define Silver. Figure 6.2 shows both real and imaginary refractive index of silver as a
function of wavelength. Notice the extreme nonlinearities of both the imaginary and real
indices.
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Figure 6.1 Material editor displaying the properties used for Ag.
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Figure 6.2 Real (blue) and imaginary (green) refractive index for
Ag.

6.2 Simulation Model

Next, we improve upon Chapter 5’s LED model by adding an Ag reflection layer
either above the sapphire substrate or below the sapphire substrate. Figure 6.3 shows the
LED structure with a reflection grating between the sapphire and n-GaN layer. Figure 6.4
shows the same structure with the reflection layer on the bottom of the sapphire substrate.
Figure 6.4 also includes a new parameter “H” to describe the thickness of the sapphire
substrate. All other parameters of the LED remain identical to the structure described in

Table 5-3 with the exception of the 1nm thick Ag reflection layer. In every set of
simulations we simulate and compare all four structures: (1) Conventional LED, (2) LED
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with PSS only, (3) LED with PSS and SiO2 nanorods, and (4) LED with both PSS and
SiO2 nanorods.

Figure 6.3 LED with Ag reflection layer between sapphire
substrate and un-doped GaN.

Figure 6.4 LED with Ag reflection layer below the sapphire
substrate. The variable H represents sapphire substrate height.
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6.2.1 Problems encountered with the software

Unexpectedly, the first simulation ran continuously; i.e. the simulation did not
complete. Closer inspection of the optical field distribution in Figure 6.5 and Figure 6.6
reveals an error in the simulation. Figure 6.5 shows the distribution of a previous
simulation. The colors range from red to blue. Red represents the highest intensity and
blue represents the lowest intensity. Figure 6.6 shows the optical distribution of a
simulation containing Ag. The distribution contains traces of red, blue, and green but has
been taken over by black and white as a result of extremely large gain in the material.

Figure 6.5 Optical field distribution of an LED without Ag.
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Figure 6.6 Optical field distribution of an LED with an Ag
reflection layer.

We hypothesize the unexpected and undesired gain results from too coarse of a grid size.
To confirm this hypothesis, Figure 6.7 shows grid overlap at the interface between Ag
and GaN. The red line represents the interface between two materials. It is possible that
the field gets trapped when it oversteps the boundary into the Ag layer and builds up
energy as time passes.
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Figure 6.7 Uniform grid size with overlap between Ag and GaN
interface.

We attempt two methods to resolve this issue. First, align the grid with the material
boundary to eliminate any overlap. Second, reduce the size of the spatial and temporal
dimensions. To align the grid with the material boundary click the “perform simulation”
stoplight shaped button. In the box titled “advanced grid control” check the “enable
nonuniform” box. Clicking “grid options” allows the user to edit the interface alignment.
Changing the alignment to “none,” “centered,” and “straddled” did not improve the gain
issues. Figure 6.8 shows the realigned grid spacing with no overlap between the material
boundaries.
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Figure 6.8 Realigned grid spacing.

Reducing the spatial grid size in both the x and z dimensions also did not improve the
gain issues, however reducing the temporal grid size eliminated all gain errors. The
following simulations performed in this chapter use the simulation parameters in Table
6-1. These simulation parameters remain exactly the same as those in Table 5-1 and
Table 5-2 except the time step decreases from 0.02 to 0.01.
Table 6-1 Simulation parameters used with Ag reflection layer.

∆x (µm)

∆z (µm)

0.03

0.03

Time Step
(µm)
0.01

PML (µm)
0.5

6.2.2 Silver between PSS and n-GaN

After resolving Ag gain problems, we continue our simulations. The first set of
simulations includes a conventional LED, an LED with a PSS, an LED with a SiO2
nanorod array, and finally an LED with both a PSS and a SiO2 array. Each of these
structures contains a reflection grating between the Sapphire and GaN interface. If the
sapphire is patterned, the Ag layer takes on the same pattern as shown in Figure 6.3.
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Figure 6.9 shows the average power of light extracted with the Ag reflection layer
sandwiched between the sapphire substrate and un-doped GaN layers for all four
structures.

Table 6-2 compares the average power of these four structures with and without the Ag

reflection layer. The column labeled percent improvement compares the LED structure
with and without the Ag reflector. For example, the conventional LED with the Ag
reflector extracts less light than the conventional LED without the reflector and reduces
extraction by 28.47%.
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Figure 6.9 Average power of light extracted in four structures
with an Ag reflection layer between u-GaN and Sapphire
Substrate: conventional LED, patterned sapphire substrate, SiO2
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PhC, and patterned sapphire substrate with SiO2 nanorod. PSS
width w = 2.5µm and period d = 3µm. SiO2 layer is centered at
z = 7.8 µm.

Table 6-2 Percent improvement of Ag layer compared to LEDs
without an Ag layer between u-GaN and sapphire substrate.

Structure
Conventional
PSS (only)
NR (only)
PSS & NR

Average
Power (a.u.)
32.239
37.159
41.938
40.769

Average Power
(a.u.) with Ag
Reflection Layer
23.061
35.489
73.375
42.215

Percent
Improvement
(%)
-28.47
-4.49
75
3.55

6.3 Optimizing Sapphire Substrate Height

Finally we simulated four structures with a bottom layer Ag reflector. To optimize
these structures, we sweep sapphire height from 10µm to 80µm in steps of 10µm. Figure
6.10 shows the results of changing the sapphire height. Maximum total light extraction
occurs for the conventional structure with sapphire height equal to 40µm. Compared to
the conventional LED without Ag, there is a 160% increase in total light extraction.
Surprisingly, the LED structure with both PSS and SiO2 nanorods only improves by 34%
compared to a conventional LED.
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Figure 6.10 Average power vs. sapphire substrate height for four
structures with a bottom layer Ag reflector.

6.4 Conclusion

This chapter has both an instructional and research component. The instructional
component teaches how to properly use a metal such as silver (Ag) in Rsoft’s FullWAVE
software. The key elements include defining the dispersion terms of the material, turning
on Dispersion/Nonlinearity, and using the correct simulation parameters required by
FDTD analysis. The research portion investigates the use of Ag between the sapphire
substrate and undoped GaN layer as well as below the sapphire substrate. The results
show that a conventional LED with a reflection layer at the bottom can increase light
extraction as much as 160% and decrease as much as 45% compared to a conventional
LED with no reflection layer. The same structure extracts the least and the most amount
of light in this entire study by changing sapphire substrate thickness from 20µm to 40µm.
Figure 6.10 shows light extraction periodically increasing and decreasing as a function
sapphire height similar to the results in Chapter 4. Very little research focuses on light

- 53 -

extraction as a function of mirror position. Further analysis should focus on the mirror
position as well as mirror shape. Research shows that both convex and concave shaped
silver mirrors can be used to improve light extraction efficiency.35 To improve the
accuracy of the simulation, time monitors should be placed on top and sides of the LED
structure. This method effectively monitors all possible areas light can escape the LED.
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CHAPTER 7: CONCLUSION AND FUTURE WORK
7.1 Overall Conclusion

The scope of this research covers the effects of nano-scale top gratings, patterned
sapphire substrates, SiO2 nanorod arrays, and Ag reflection layers. All simulations use
the FDTD method to analyze the light extraction properties of each LED. Chapter 3
investigates the effects of changing top grating shape, period, fill factor, and depth. The
results show that cylindrical and conical gratings can achieve a 17.8% increase in light
extraction. The cylindrical case achieves this improvement with a grating period of
100nm, grating depth of 200nm, and fill factor of 33%. The conical case achieves this
improvement with a grating period of 100nm, grating depth 200nm, and fill factor of 66%.
Unfortunately the results of this study do not match similar results from Peking
University25 and Kyungpook Nationional University.24 The results of these three studies
could differ for several reasons. First, the simulations could have been set up differently.
Our simulation does not take into account the reflections or absorption from the MQW,
p-GaN layer, or the sapphire substrate. Second, different methods of simulation could
reveal different results. Peking University uses RCWA to analyze transmission
percentage, while we use FDTD to analyze average power of light extracted. Finally, our
simulation only measures light transmittied through the top. Alternatively, light could be
transmitted through the sides of the LED wall.
Chapter 4 studies the differences in using an ITO based top grating into epoxy rather
than GaN to air. In this section we confirm the results of Peking University’s RCWA
simulations and show that increasing the critical angle of a device increases light
extraction. First, increasing the critical angle from 27.5 degrees to 38.5 degrees by
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changing the grating material from GaN to ITO and the surrounding medium from air to
epoxy improves light extraction by 40%. Next, altering the ITO grating period shows low
light transmission occurs in the 100 – 690nm range and high transmission occurs for
larger grating periods in the 690 – 1500nm range. These results agree with those of
Peking University which showed optimal light transmission with a grating period of
1130nm. Last, we show that Ag reflection layers have the potential to vastly improve or
degrade light extraction depending on the position of the Ag layer.
Finally, Chapter 5 and Chapter 6 optimize light extraction for a structure containing a
patterned sapphire substrate and a SiO2 nanorod array. First, optimizing the period and
width of the patterned sapphire substrate improves light extraction by 47.9% for a width
of 1.3µm and period of 2µm. Next, we optimize the z-position of the SiO2 nanorod array
to 7.1µm. A combination of z position and a PSS period of 3µm improves light extraction
by 51.8% compared to a conventional LED. Last of all, we include an Ag reflection layer
between the sapphire substrate and n-GaN layer as well as below the sapphire substrate.
We find that the position of the reflection layer has major effects on light extraction. For
example, changing the sapphire substrate width of a conventional LED with an Ag layer
from 20µm to 40µm increases average power from 17.7 (a.u.) to 83.7 (a.u.). From these
simulations we find a maximum increase in light extraction of 160% for a conventional
LED with a sapphire substrate width of 40µm and an Ag reflection layer compared to a
conventional LED without the Ag reflection layer.
7.2 Future Work

The effect of changing an Ag reflector’s position remains the most significant finding
of this research. Very few studies exist focusing on sapphire substrate thickness and its
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effect on light extraction. One study in particular shows that changing Ag position from
the bottom of sapphire to the sapphire GaN interface increases light extraction. They
claim increased light extraction is a result of light passing through less bonded
interfaces.26 To confirm the results of our study, we need to conduct more simulations
and further our collaboration with Peking University. First, new simulations should
include time monitors on all sides of the LED. The use of multiple time monitors
provides more information on where light exits the device. Next, simulations should also
investigate light extraction efficiency for concave and convex mirror shapes. Literature
has shown the use of highly reproducible roughened reflectors taking both of these
shapes. 35 Finally, these LED structures should be fabricated and tested. Physical
measurements will support or deny the results of our study and reveal the usefulness of
such simulations.

- 57 -

APPENDIX A – FINITE DIFFERENCE TIME DOMAIN METHOD

Solution to FDTD Method
To obtain the FDTD equations, we begin with the curl equations of Faraday and
Ampere’s Law shown in equation A.1.
∇ × E = −µ

∂H
∂t

∇ × H = σE + ε

∂E
∂t

(A.1)

Next, we convert the vector differential equations into three scalar differential equations
by executing the curl operation on the LHS of both equations as seen in equation A.2.
∇ × E = xˆ (

∂E y ∂E x
∂E ∂E
∂E z ∂E y
−
−
) − yˆ ( z − x ) + zˆ (
)
∂x
∂y
∂z
∂x
∂y
∂z

∇ × H = xˆ (

∂H y ∂H x
∂H x
∂H
∂H z ∂H y
−
−
) − yˆ ( z −
) + zˆ (
)
∂x
∂y
∂z
∂x
∂y
∂z

(A.2)

Now, by equating the scalar differential equations to the RHS of the curl equations, we
obtain six individual time and space derivatives in equation A.3 and A.4.
∂H x − 1 ∂E z ∂E y
=
(
−
)
µ ∂y
∂t
∂z
∂H y
∂t

=

− 1 ∂E x ∂E z
−
(
)
µ ∂z
∂x

∂H z − 1 ∂E y ∂E x
(
)
−
=
∂y
∂t
µ ∂x

(A.3)


∂E x 1  ∂H z ∂H y
−
) − σE x 
= (
∂z
ε  ∂y
∂t
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∂E y
∂t

=

1  ∂H x ∂H z

−
(
) − σE y 

∂x
ε  ∂z



∂E z 1  ∂H y ∂H x
) − σE z 
−
= (
ε  ∂x
∂y
∂t


(A.4)

In order to make these equations useful, we must discretize both time and space. First we
discretize space using the Yee cell shown in Figure A.1. The three components (∆x, ∆y,
and ∆z) represent the height, width, and depth that define the volume of one cell. Notice
that the components of the E-field, shown in black, lie on the edge of the cell, while the
components of the H-field, shown in red, lie on the faces of the cell. Also, the electric
field for the next cell shares an edge with the primary cell. We title this component of the
electric field Ey(i+1,j,k) to distinguish it from Ey(i,j,k). Using the Yee cell, we can rewrite
the spatial differential equation shown in Equation A.5.
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Figure A.1 Yee Cell.

∂E y
∂x

−

∂E x E y (i + 1, j , k ) − E y (i, j , k ) E x (i, j + 1, k ) − E x (i, j , k )
=
−
∂y
∆x
∆y

(A.5)

The next step discretizes time. Figure A.2 shows the order in which the FDTD
method calculates the E-field and H-field as time passes. The letter n represents the nth
time step, a full time step occurs between En and En+1. Every half of a time step, the
calculation switches from the electric field to the magnetic field, often called the
“leapfrog” method.36 Time discretization allows the time based differential equation to be
rewritten as equation A.6.
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Figure A.2 Discretization of time domain.

∂H z H
=
∂t

1
n+
2
z

n−

(i, j , k ) − H z
∆t

1
2

(i, j , k )

A.6

Now that both time and space have been discretized, we can rewrite the entire difference
equation. Notice that future values, such as Hzn+1/2 and Eyn+1, can be obtained from these
equations.

n+

Hx

n+

Hy

1
2

1
2

n−

(i, j , k ) − H x
∆t

n−

1
2

(i, j , k )

Hz

1
2

(i, j , k ) − H y (i, j , k )

n−

(i, j , k ) − H z
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− 1  E z (i, j + 1, k ) − E z (i, j , k ) E y (i, j , k + 1) − E y (i, j , k ) 
−


µ 
∆z
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=

− 1  E x (i, j , k + 1) − E x (i, j , k ) E z (i + 1, j , k ) − E z (i, j , k ) 
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∆z
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µ 


=
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−


µ 
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=
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2
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(A.7)
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(A.8)
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APPENDIX B - FULLWAVE CAD ENVIRONMENT

CAD Environment
Rsoft’s CAD environment allows the user to draw several geometrical shapes in both
2-D and 3-D. Figure B.1 shows an example of the CAD environment. The toolbar to the
left contains icons used to choose different components to add such as a lens, circle, arc,
polygon, or just a plain segment.

Figure B.1 Rsoft CAD environment.

Right clicking on a previously drawn segment brings up the properties of the segment,
some of which include: material properties, refractive index, merge priority, component
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width, component height, 3D structure type, and component referencing. These properties,
among others, make it simple to control the shape and placement of a segment. Before
using these properties, it is helpful to know how to create variables. Clicking on the Edit
Symbols symbol brings up the Symbols Table Editor. Here you can create and define
variables such as the height and width of a layer in an LED. This is a particularly good
way to define the period of a grating. For example using the Symbol Table Editor, create
a new symbol and name it grating period. Define the value as 0.5 (this value corresponds
to 500nm). Next click on a segment and define Component Width as grating_period/2
and set the x and z position to zero. Create a new segment and again define the
Component Width as grating_period/2 and set the x position to grating_period/2 and z
position to zero. Continue this pattern for several segments increasing the x position by
half of the period each time. The created grating now has a variable grating period.
Changing the value of grating period from 0.5 to 0.7 automatically changes the period of
the grating from 500nm to 700nm. Using this method, several different grating periods
can quickly be simulated.
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